During cyclic deformation, many metals exhibit localization of plastic strain in persistent slip bands (psbs) (1). Fatigue cracks may initiate where the psbs intersect the surface. Numerous studies have established that the emergence of psb features at the surface can be significantly suppressed by the use of surface modification techniques such as ion beam microalloying (2,3). The modifications may alter the strength, elastic modulus, stacking fault energy, and residual stress state of the surface (4). As a result, the properties of the surface region can differ significantly from the properties of the subsurface. Even though the evolution of surface psb features can be significantly affected by a surface modification, the question remains as to the effect of a surface modification on bulk cyclic deformation mechanisms. Prior studies have concentrated on the effects of the modifications on cyclic hardening. The results of these studies have been inconclusive. Studies on copper single crystals indicated in one case (5) that ion beam surface modifications increased cyclic flow stress, while in another case (6) no change in cyclic flow stress was observed. Similar work on polycrystals has been somewhat mixed with one study (7) indicating that surface modifications decrease cyclic flow stress and another study (8) reporting that surface modifications had no effect on cyclic flow stress.
Introduction
During cyclic deformation, many metals exhibit localization of plastic strain in persistent slip bands (psbs) (1) . Fatigue cracks may initiate where the psbs intersect the surface. Numerous studies have established that the emergence of psb features at the surface can be significantly suppressed by the use of surface modification techniques such as ion beam microalloying (2, 3) . The modifications may alter the strength, elastic modulus, stacking fault energy, and residual stress state of the surface (4) . As a result, the properties of the surface region can differ significantly from the properties of the subsurface. Even though the evolution of surface psb features can be significantly affected by a surface modification, the question remains as to the effect of a surface modification on bulk cyclic deformation mechanisms. Prior studies have concentrated on the effects of the modifications on cyclic hardening. The results of these studies have been inconclusive. Studies on copper single crystals indicated in one case (5) that ion beam surface modifications increased cyclic flow stress, while in another case (6) no change in cyclic flow stress was observed. Similar work on polycrystals has been somewhat mixed with one study (7) indicating that surface modifications decrease cyclic flow stress and another study (8) reporting that surface modifications had no effect on cyclic flow stress.
It has been demonstrated in single crystal copper (9) (10) (11) and nickel (12) that the localization of plastic strain in psbs causes significant changes in the shape of the stress-strain hysteresis loop. Specifically, strain localization and the concurrent formation of psbs lead to a more parallelogramshaped hysteresis loop. Recent studies have shown that this phenomenon is also exhibited in polycrystalline materials (13, 14) . The loop shape change can be measured by computing the loop shape parameter,VH, which is defined as the area enclosed by the hysteresis loop divided by the area of the parallelogram that circumscribes the loop as shown in Figure 1 . The objective of this study was to use hysteresis loop shape analysis and cyclic hardening comparisons to determine the effect of ion beam surface microalloying on bulk strain localization in cyclically deformed polycrystalline nickel.
Experimental Procedure~
Cylindrical fatigue specimens as shown in Figure 2 were machined from Ni-270 (99.98% Ni) rods. The specimens were annealed in an atmosphere of flowing argon-3% hydrogen for 4 hours at 1000°C resulting in a microstructure with an average lineal grain boundary intercept of 290 I~m. The gage sections were electropolished in a solution of ethanol-20% perchloric acid at -50°C.
One specimen received a surface modification that consisted of first evaporating alternating layers of nickel and aluminum onto the gage section in an electron beam evaporation chamber 2309 0036-9748/90 $3.00 + .00 Copyright (c) 1990 Pergamon Press plc operating at a base pressure of 6.6x10 -5 Pa. Three nickel layers, each 6 nm thick, and two aluminum layers, each 41 nm thick, were applied. This multilayer structure was then ion beam mixed with 3 MeV Ni ++ ions to a dose of lx1016 ions/cm 2 to achieve a homogeneous composition of Ni-75 at.% AI in the near-surface region. The ion irradiation was performed in a General Ionex 1.7 MV tandem ion accelerator operating at a vacuum better than 5.3x10 -6 Pa. A beam current of 2 I~A heated the specimen to 220°C during ion beam mixing. The specimen was continuously rotated at 20 rpm during all evaporations and ion beam mixing processes to ensure uniform modification over the entire surface of the gage section.
Cyclic deformation experiments were conducted at room temperature using a servo-hydraulic fatigue testing system. Specimens were cycled under fully-reversed tension/compression at a constant plastic strain amplitude (Ep) of 2.5x10 -4. Prior to saturation, the specimens were cycled using a triangular waveform at a constant total strain rate of 2.0x10-3/s. After saturation the total strain rate was increased to 4.0x10-2/s. Hysteresis loops were periodically recorded at a total strain rate of 2.0x10-4/s. The different strain rates did not appear to affect the stress-strain response. Acetate replicas of the surfaces were obtained to provide a record of the evolution of slip features.
Results and Discussion
Micrographs shown in Figure 3 depict the surfaces of the unmodified and surface modified specimens after 4000 and 40,000 fatigue cycles. After 4000 cycles, numerous psbs are clearly seen at the surface of the unmodified specimen. However, the modified specimen exhibits almost no evidence of psb activity at the surface. After 40,000 cycles the psb density in the unmodified specimen has increased and some psbs are now seen at the surface of the modified specimen.
Cyclic hardening and VH curves for the unmodified and surface modified specimens are shown in Figures 4(a) and (b) . In these figures stress amplitude ((~a) and VH are plotted as functions of cumulative plastic strain (E.p,cum) which is defined as 4E:pN where N is the number of cycles. Cyclic hardening behavior up to the saturation point can be characterized by the equation
where am is the maximum stress amplitude, ~o is the stress amplitude after the first quarter cycle, and R is an empirically determined constant related to the hardening rate (15) . An analysis of the cyclic hardening curves produces the values shown in Table I . The similarity of these values indicates that the surface modification had little influence on bulk cyclic hardening. Some variation in a o would be expected due to the very low initial strength of the material and the number of processing steps required prior to the first fatigue cycle. The decrease in ~a near the end of each cyclic hardening curve was caused by the initiation and growth of fatigue cracks. Although crack initiation and fatigue life are not the primary focus of this paper, it can be seen from the drop in (Ya that the surface modification delayed crack initiation by a modest amount. The correlation between V H and the formation of psbs in the unmodified specimen is shown in Figure 5 . In this figure VH and the percentage of the surface area covered by psbs (psb area fraction) are plotted as functions of Ep,cum. It is seen that the two curves parallel each other very closely, and the abrupt increase in VH when ,ep,cum '= 2 corresponds with the beginning of the formation of psbs. The VH curves for the unmodified and modified specimens can be compared in Figures 4(a) and (b) . These figures show that both types of specimens demonstrated similar hysteresis loop shapes. Prior to cyclic saturation, VH for both specimens was 0.67. The value of VH increased to 0.76 after saturation. Therefore, although the surface modification significantly suppressed the emergence of psbs at the surface, psbs formed in the subsurface region of the modified specimen in the same manner as in the unmodified specimen.
Conclusions
The present work, in agreement with the recent findings of Polak et al. (14) , shows that loop shape parameter measurements can be successfully used in polycrystals to determine the onset of strain localization resulting from bulk psb formation. Furthermore, based on the similarity of the cyclic hardening and loop shape parameter curves, it can be concluded that the same fundamental cyclic deformation mechanisms are operating in the bulk of the unmodified and surface modified specimens. These results agree with findings of other studies which were based on surface removal experiments (16) and TEM observations of subsurface dislocation structures (17) . 
